Removal of mercury particularly from coal-fired plants and incinerators is of great significance to human health due to its high toxicity, volatility, and bioaccumulation. The Hg emitted from carbonaceous fuel combustion readily diffuses throughout the process. In other words, the capacity for capturing Hg at elevated-temperature conditions is higher than that at ambient temperatures. Herein, we report the preparation of a novel sorbent with a layered structure M-Al-CO 3 via the coprecipitation of M 2+ and Al 3+ in an alkaline solution of NaOH/Na 2 CO 3 , where M 2+ = Mg 2+ , Zn 2+ , Cu 2+ , and Mn 2+ ions. The results showed that the rate of Hg removal could be significantly enhanced by incorporating transition metal ions into the porous materials. In a hydrothermal reactor, Mn-Al-CO 3 nanoparticles exhibited the maximum Hg uptake above 10 mg/g among these materials, which was due to the higher oxidation potential of MnO 2 . Mercury removal capacity increased with Mn-Al ratio from 1:1 to 30:1 at temperatures ranging 30°C-250°C. These results demonstrate the potential of such synthetic Hg sorbents under medium-high temperature conditions.
Introduction
Mercury-capturing technologies have been under continual development because of its high toxicity, volatility, and potential bioaccumulation. Due to the great amount of coal combusted, it is of great interest to investigate Hg mitigation routes [1] . Adsorption methods using mixed oxide (MO) nanoparticles such as noble metals [2] , palladium-alumina [3] , CuO [4] and Fe 2 O 3 [5] sorbents for mercury removal at temperatures 200°C-450°C exhibit the advantage of high efficiency. The Hg removal efficiency can be significantly enhanced by a combination of heterogeneous catalytic oxidation of Hg 0 [6] with preferred adsorptive materials. This involves successive adsorption and oxidation steps of mercury on the sorbents in which the major mechanism proceeds via the instantaneous electric dipole moment induced by Hg and MO, which improves the electrostatic force and their interactions.
The transition metal oxide-based catalysts have mostly prominent potential as sorbents due to their low cost relative to noble metals, high capacity, diverse species, and cobenefit of application as low-high temperature SCR (selective catalytic reduction) catalysts. In addition, the utilization of suitable catalyst supports for reducing the sintering of spent sorbent at elevated temperature condition is desirable. The formation of double hydroxides containing divalent ions (Mg 2+ , Zn 2+ , Cu 2+ , and Mn 2+ ), trivalent ions (Al 3+ ), and anions (CO 3 2− , OH − ) is attempted in this study to synthesize Hg sorbents. The novelty is emphasized that this method allows diversity of sorbent via incorporating of varied of M 2+ and M 3+ ions with Al 3+ into carbonate template, which provides a simple way to develop mercury removal material with dual functions of catalyst and absorber. Therefore, mercury capture may involve catalytic oxidation accompanied with electrostatic attraction force in gas-solid reaction.
Experimental

Preparation of Hg sorbents
Magnesium nitrate (Mg(NO 3 ) 2 ), copper nitrate (Cu(NO 3 ) 2 ), zinc nitrate (Zn(NO 3 ) 2 ), manganese nitrate (Mn(NO 3 ) 2 ), aluminum nitrate (Al(NO 3 ) 3 ), sodium carbonate (Na 2 CO 3 ), and sodium hydroxide (NaOH) were purchased from Merck Inc, Germany.
The Hg sorbents were synthesized via coprecipitation of M 2+ (M = Mg 2+ , Zn 2+ , Cu 2+ , or Mn 2+ ) and Al 3+ ions under alkaline conditions. An acidic solution with M 2+ /Al molar ratio of 1:1 to 30:1 was prepared and then mixed with stirring with an alkaline 0.1 M Na 2 CO 3 / 1.6 M NaOH solution to form a slurry of pH 10. This slurry was subjected to vacuum filtration in order to collect the precipitate, which was then dried overnight at 110°C to obtain M-Al-CO 3 powders. The Hg sorbents were obtained by calcining samples at 300°C.
The surface area, morphology, crystallinity, and elemental composition of the synthetic sorbents were determined using BET surface area analysis (Quantachrome NOVA 4200), scanning electron microscopy/energy-dispersive x-ray spectroscopy (SEM/EDX, JEOL S4800), and inductively coupled plasma (ICP) analysis (PE-ULTIMA2, Perkin), respectively.
Hg sorption experiment
0.1 ppm-40 ppm (C 0, parts per million) Hg 2+ solutions were prepared from 1,000 ppm aqueous Hg(NO 3 ) 2 (Merck Inc, Germany) as test samples. For Hg sorption tests, 0.1 g sorbents and 100 ml Hg 2+ solution were loaded in a stirred reactor (Parr Instrument Company, USA) with temperature control ranging 30°C-250°C for 1 h. The mixture was cooled overnight followed by filtration. The residue (spent powder) was dried, then follow-up characterization was conducted. The filtrate was analyzed by cold vapor atomic adsorption spectrophotometry (PerkinElmer, AA analyst 700, USA) for the determination of residual Hg(II) concentration (C e ). The mercury removal capacity (µg/g) was calculated from the difference of initial (C 0 ) and equilibrium (C e ) concentrations and the weight of sorbent. Alternatively, a fixed-bed reactor including Hg generator, temperature controller, and on-line Hg analyzer was used for the Hg sorption experiments at 100-400°C. Hg vapor was generated at a rate of 30.1 ng/min using a permeation device (VICI, USA) and was fed into a quartz column packed with 6 g sorbent. The Hg removal rate was estimated according to the equation shown as follow: (1) where A Hg = the sorption weight of Hg (ug); t = the sorption time (s); C 0 = inlet Hg concentration (µg /m 3 ); C i = Hg concentration (µg /m 3 ) at t; V = total gas volume (L/min).
Results and discussion
Microscopic characteristics of the sorbents
From Table 1 , BET data indicated that the synthetic sorbents had surface areas of around 23 m 2 /g-48 m 2 /g. Pore character (surface area, volume, and size) and oxidation potential of MO affect mercury removal, whereas, adsorption plays a crucial role before Hg interaction with the sorbent. This explains the removal order of Mn> Mg~Zn> Cu.
The XRD patterns demonstrated MnO 2 and Mn 3 O 4 (2MnO + MnO 2 ) co-existence in the Mn/Al sorbent. Hausmannite (01-080-0382, manganese oxide) was the major phase for the raw (uncalcined) sample with the strongest signal at 2 theta of 36.1°. The layered structure of Mn/Al was unable to be clearly found possibly due to the stronger Mn peaks. Manganese dioxide (01-072-1982, MnO 2 ) at 2 theta of 18.1° was enhanced by calcination of the raw Mn/Al sample due to the partial oxidation of MnO. Mercury (II) removal capacity can be enhanced via the force of electrostatic attraction with MO, thus the scrubbing test should be conducted with calcined sorbents. 
Investigation of Hg sorption capacity
As illustrated in Fig. 3 , EDX analysis clearly demonstrated that the principal elements were embedded in the sorbents. For calcined Mn-Al-CO 3 sample before Hg sorption, the main characteristic peaks came from C, O, Al, and Mn, which at the K-line (alpha) have EDX sorptive energies of about 0.28 keV, 0.52 keV, 1.49 keV, 3.69 keV, and 5.90 keV, respectively. The Na (K-line, 1.04 keV) absorption peak is from the alkaline NaOH/Na 2 CO 3 solution. The evidence of Hg sorption on Mn/Al sorbent was shown in three peaks at 9.99 keV (L ), 2.19 keV (M ), and 1.72 keV (M ). The attached SEM image (a) indicates a porous appearance for the synthetic Mn/Al carbonates. Due to the acidic Hg(II) solution, after the Hg capture test, the spent sorbent showed smooth morphology, which was possibly caused by decomposition of the LDHs structure under low pH conditions. According to the preliminary test results, the surface area of the spent sorbent may be about half the area of the calcined sample before Hg sorption. In Fig. 3(a) , mercury uptake (µg/g) increased with high Mn/Al ratio at 60 min and fixed temperature. The sorption capacity can be enhanced via improving the electrostatic attraction and interaction between Hg and Mn ions. However, the strength of the van der Waals force decreased at elevated-temperature conditions; thus, the Hg removal followed the order: 30°C>200°C>250°C. From these curves, it was indicated that mercury was largely removed on the sorbent with Mn:Al above 5:1 at 10 ppm [Hg 2+ ]. Fig.  3(b) showed approximately linear Hg uptake with increasing [Hg 2+ ] at 200°C. The maximum uptake was about 16 mg/g for 0.1 ppm-40 ppm Hg. Besides, Hg removal using synthetic Mn/Al sorbent at 100-400 °C was also tested in a fixed bed reactor. Hg sorption capacity was increased with time followed by continually decay after saturation. The derivative of Hg capacity with time in breakthrough curve indicated the optimal conditions. As shown in Fig. 3(c) , Hg sorption on Mn/Al sorbent exhibited maximum slope at 300°C, which demonstrated the feasibility using Mn-Al-CO 3 as Hg sorbent. 
Conclusions
The novel Hg sorbents, M-Al-CO 3 , were prepared by the coprecipitation of M 2+ and Al 3+ in an alkaline solution of NaOH/Na 2 CO 3 , where M 2+ = Mg 2+ , Zn 2+ , Cu 2+ , and Mn 2+ ions. EDX analysis clearly demonstrated Hg sorption on Mn/Al sorbents. Among these materials, Mn/Al carbonates exhibited the maximum Hg uptake, above 10 mg/g for 0.1 ppm-40 ppm Hg 2+ . The mercury removal capacity increased with Mn-Al ratio from 1:1 to 30:1 at temperatures ranging 30°C-250°C. These results demonstrate the potential of these synthetic Hg sorbents under elevated temperature conditions.
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